Introduction
Semiconductor quantum dots (QDs) exhibit brighter and longer fluorescence than organic dyes. Taking advantage of these characteristics, QDs are used as fluorescent labels in many biomedical studies [1] [2] [3] . Currently, a CdSe core with a ZnS shell is one of the most popular QDs used in biological experiments. However, for clinical technologies, the potential toxicological problems because of the CdSe core should be considered [4] . As a substitute for cadmium-based QDs, we selected silicon as the semiconductor material and have developed photoluminescent stable silicon dots [5] [6] [7] [8] [9] .
Silicon nanocrystals have been synthesised using aerosol, colloids, laser pyrolysis, plasma deposition and electrochemical etching. Recently, we reported two methods; silicon particles produced in a gas phase [5, 6] and in a liquid phase [7] [8] [9] . In the former method, silicon chips/SiO 2 targets were sputtered in the argon phase and then the SiO 2 layer surrounding silicon nanocrystals was chemically etched. Finally, the surfaces of the silicon particles were oxidised. The latter method involved synthesising in inverse micelles and stabilising with 'double-bond molecules' capping. Therefore, the particles synthesised using latter method has a high modification property. Both types of particles have blue or blue green fluorescence in culture medium or phosphate buffered saline (PBS) when excited with UV light. In co-cultures of the particles and cells, fluorescence was observed in the cells [5, 7, 9 ]. Table 1 shows the characteristics of silicon particles synthesised using the two methods. Of the particles synthesised using the gas phase method, the size of the primary particle was 2.5-6.5 nm. The dynamic light scattering (DLS) measurement in liquid was 338 ± 22 nm. We believe that these measurements represent the sizes of secondary and tertiary particles. We reported that the particle surface is oxidised, and IR measurements suggest presence of some hydroxyl groups [6] . Hence, agglomeration and sedimentation may occur in several hours probably due to a small number of hydroxyl groups. As such, in the future, dispersal enhancement through surface modification will be needed.
Silicon particle properties
On the other hand, the size of the particles synthesised using the liquid phase method was 1-2 nm and the DLS measurement was 144 ± 11 nm. Note that on the particle surface, the molecules with double bonds can be modified using a platinum catalyst. Figure 1 shows the results of toxicity tests using human skin and lung cell lines, since the skin and lungs are the body tissues contact with the silicon particles firstly. In our previous study, we reported the results of mitochondria activity test for the particles synthesised using the liquid phase method [7] . For comparison, in this article, we added present test results for particles synthesised using the gas phase method. Liquid phase silicon (Epoxy coating) [7] ; Si-diol-L: Liquid phase silicon (diol coating) [7] For both skin and lung cell lines, the toxicity was the lowest with the silicon particles synthesised using the gas phase method (Figure 1 ). The low toxicity may depend on the unmodified surface state. Even in the particles of this type, the influence of toxicity can be observed in both WS1 and A549 cells, but more greatly in WS1 cells, at the high concentration of 4.48 mg mL -1 (Figure 2 ).
Silicon particle toxicity in skin and lung cell lines
On the other hand, in case of particles synthesised using the liquid phase method, the influence of toxicity was more evident in the WS1 skin cell line than in the A549 lung cell line. A large difference was noted in the mitochondria activity at concentrations exceeding 112 µg.mL -1 . We believe that the cell type-dependent sensitivity is due to the metabolic capability of each cell line. Thus, while using these particles, we must consider the influence of the particles on body tissues and accordingly select the particle concentration. 
Potential toxicity mechanisms of silicon particles
We report the toxic mechanism of silicon particles that we have clarified. As we mentioned earlier, the toxicity of silicon particles synthesized in gas phase method is lower compared with that of mercaptoacetic acid coated QDs in MTT assay method [5] . However, toxicity of silicon particles can be observed at higher concentrations. We confirmed that from the silicon particles using the gas phase method, radicals were produced in small quantities and the cell membrane was oxidised [5] . We suggest that the cell membrane is damaged by the radical at higher concentrations, leading to cell death (Figure 3(A) ). In addition, by using superoxide dismutase and N-acetylcysteine, we succeeded in suppressing radicals that would have been generated from silicon particles synthesised using the gas phase method [10] . Thus, we may reduce toxicity by adding materials with radical inhibitory activity in the surface modification step or in use of silicon particles. On the other hand, we suggest that particles synthesised using the liquid phase method have a different toxic mechanism (Figure 3(B) ). We did not observe any radical generation from the liquidphase synthesized particles (data not shown). Limited objective data show that toxicity is higher in epoxy in which chemical activity is high than in diol, suggesting that surface molecules affect toxicity [7] .
Conclusion
In this report, we compared the characteristics of silicon particles synthesised using the gas phase method and the liquid phase method, focusing on the toxicity test using cells and the toxic mechanism. Radicals and surface molecules were identified as potential causes of toxicity. At present, despite the limitation of lower luminance relative to existing QDs, silicon particles have good potential as fluorescent materials considering the relatively low toxicity and the abundance of silicon in the earth. Given their small influence on the environment and the living body, they may have a bright future if we develop particles with increased fluorescence.
Materials and Methods

Assays for Cellular toxicity
We have reported the detail method in previous papers [5, 7] . Briefly, the cell lines were cultured in each well of 96-well plates for 48 hr at 37 ºC, and then, the silicon nanoparticles were co-cultured in indicated concentration for 48 hr. Finally, for the measurement of mitochondrial activity, Cell 
